Objective To prevent the development of overt hepatic encephalopathy, the early intervention for minimal hepatic encephalopathy (MHE) based on an accurate diagnosis is essential. This study investigated whether or not magnetic resonance diffusion kurtosis imaging (DKI) and diffusion tensor imaging (DTI) could detect brain microstructure abnormalities in MHE. The aim was to confirm whether or not brain microstructure abnormalities detected by magnetic resonance (MR) imaging could be used for the diagnosis of MHE. Methods Thirty-two subjects were prospectively examined with a 3-T MR scanner. Tract-based spatial statistics and region of interest analyses of diffusion imaging were performed to compare the mean kurtosis (MK), fractional anisotropy (FA), and mean diffusivity (MD) values between patients with and without minimal hepatic encephalopathy. The diagnostic performance for the detection of MHE was assessed with a receiver operating characteristic analysis. Results Ten subjects were diagnosed with MHE by neuropsychological testing. After the exclusion of unsuitable subjects, we analyzed 9 subjects with MHE and 14 without MHE. The patients with MHE had a reduced MK in the widespread white matter. We also found significant decreases in the MK in the caudate nucleus, putamen, globus pallidus, and/or thalamus in the subjects with MHE. The MK in the putamen showed the best diagnostic performance for differentiating the subjects with MHE from those without MHE (cut-off value, 0.74; sensitivity, 0.89; specificity, 0.86). Conclusion DKI detects changes in the cerebral white matter and basal ganglia regions of patients with MHE more sensitively than DTI. The MK values in the putamen can be a useful marker for diagnosing MHE from cirrhotic patients without MHE.
Introduction
Hepatic encephalopathy (HE) is a neuropsychiatric and cognitive disorder that occurs due to decompensated cirrhosis (1) . Symptomatic HE is termed 'overt' HE and reduces the quality of life while increasing the mortality in patients with cirrhosis (2) . Minimal hepatic encephalopathy (MHE) increases the risk of progression to overt HE (3) . Since symptoms of MHE comprise attention and visuo-motor coordination deficits, sensitive examination methods that assess psychometric performance are required to identify this condition (4, 5) . Thus, MHE is defined as a condition characterized by subtle abnormalities that can be detected only using specific neuropsychometric and/or neurophysiological tools in cirrhosis patients with otherwise normal neurological examination results (4) .
For the accurate diagnosis of MHE, the following pa- rameters need to be evaluated: 1) the quality of life; 2) mental state; 3) results of neuropsychological testing (NPT); and 4) disorders of speech and cognition. However, it is difficult to perform such a comprehensive diagnosis in routine clinical practice. As an accurate diagnosis of MHE is essential for improving the prognosis of patients with cirrhosis, objective and repeatable examination methods for the diagnosis of MHE need to be established. Recently, metabolic disturbances in the brain of patients with MHE were identified using 3.0 Tesla magnetic resonance imaging (MRI) (6) . That article reported increases in the glutamine levels and reductions in the myo-inositol levels in the brain of patients with MHE. Since myo-inositol controls the increase in the osmotic pressure due to increased glutamine via ammonia metabolism in the brain, these changes were considered to be the result of a buffering response in order to maintain the intracellular osmotic pressure. These findings and those of previous reports suggest that astrocytes in MHE might become edematous. Thus, diffusion MRI may be useful for detecting increases in the water component of the brain in patients with MHE.
Diffusion tensor imaging (DTI) is an advanced MR technique that is widely used to quantify the diffusivity and/or anisotropy of water diffusion. DTI parameters include the mean diffusivity (MD), which measures the average diffusivity of water, and fractional anisotropy (FA), which measures the degree of directionality of diffusion. Increased MD and/ or decreased FA have been reported in patients with MHE (7) (8) (9) . Recently, the concept of diffusion kurtosis imaging (DKI), which can detect minute histological changes in complex brain structures by quantifying the degree of non-Gaussian water diffusion, has been proposed (10) . Previous studies have suggested that DKI is more sensitive to microstructural changes in various neurological disorders than DTI (11) (12) (13) . Indeed, the usefulness of the mean kurtosis (MK), a parameter calculated from DKI data, has been reported in studies of several diseases, including Parkinson's disease, multiple sclerosis, and migraine (14) (15) (16) . Although previous studies have established objective findings that can aid in the diagnosis of MHE using MRI (7, 9, 17, 18) , these studies were based on a comparison of patients with MHE and healthy controls. For example, DKI revealed microstructural changes in patients with cirrhosis compared with healthy controls (19) , suggesting that cirrhosis itself affects DKI. As such, the microstructural changes detected by DKI in previous studies may only show changes due to cirrhosis.
Whether or not DKI/DTI can identify abnormalities in the brain microstructure of MHE patients compared with those of cirrhosis patients without MHE remains unclear. We therefore compared the DKI/DTI findings among cirrhosis patients with and without MHE.
Materials and Methods

Subjects
For this study, 32 subjects who underwent MRI were prospectively registered after providing their written informed consent from March 2013 to September 2017 (Fig. 1) . The inclusion criteria were as follows: 1) a diagnosis of liver cirrhosis based on the clinical presentation, routine laboratory data, and imaging; and 2) age 18-80 years. The exclusion criteria included a history of mental disorder and overt HE of West Haven Criteria grade 1 or greater.
All protocols reported in this paper were approved by the Institutional Review Board of Iwate Medical University and were performed in accordance with the requirements of the Declaration of Helsinki (64th WMA General Assembly, Fortaleza, Brazil, October 2013).
The diagnosis of MHE
To diagnose MHE, NPT was performed using a specific application on a mobile tablet (20) . The NPT comprises four tests: the number connection tests A and B, the digit symbol test, and the block design test. When patients exhibited abnormalities for two or more tests in NPT, they were diagnosed with MHE (MHE group); those that did not have a diagnosis of MHE were classified into the non-MHE group.
MR image acquisition
MRI was performed using a 3.0-Tesla scanner (Discovery MR750, GE Healthcare, Milwaukee, USA) with an 8-channel head coil. DKI/DTI source images were obtained using a single-shot spin-echo echo-planar imaging technique with the following scanning parameters: repetition time/echo time 4,000/110 ms; motion-probing gradients, 20 directions with a duration of 31.0 ms and a separation of 39.8 ms; b values 0, 1,000, and 2,500 s/mm 2 ; field of view 22 cm; matrix size 128×128; reconstructed matrix size 256×256; slice thickness 3.0 or 4.0 mm without gaps; and acquisition time 10 minutes 12 seconds, which were optimised in a previous report (21) and used in other reports (11, 16, 22) . Conventional MR images, including axial T1-and T2-weighted images, were also obtained.
Analyses of imaging data
One of the authors (K.I.), who had been blinded to the clinical presentation of the subjects, performed all of the imaging analyses. Diffusion metric maps, such as mean kurtosis (MK), fractional anisotropy (FA), and mean diffusivity (MD), were calculated using in-house software and used in previous studies (11, 16, 21, 22) . In this study, the FA and MD values were calculated using only the DTI data from bvalues of 0 and 1,000 s/mm 2 . To identify changes in the white matter (WM) of the patients with MHE, we carried out voxel-wise statistical analyses of the MK, FA, and MD maps for screening the whole brain using tract-based spatial statistics (TBSS) implemented in FSL 5.0.9 (FMRIB, Oxford. http://www.fmrib.ox.ac.uk/ fsl/) (23) . After skull stripping, all subjects' FA maps were aligned into FMRIB58-FA standard space using FMRIB's Non-linear Image Registration Tool. The mean FA image of each subject was created and then thinned and thresholded at FA >0.20 to generate a mean FA skeleton that represented the canters of major WM tracts common to all subjects. The mean FA skeleton was also masked to extract only the cerebral WM using the Harvard-Oxford Subcortical Structural Atlas implemented in FSL. The FA map of each subject was then projected onto this skeleton to obtain skeleton FA maps. MK and MD maps were also projected onto the mean FA skeleton by applying the same transformation as that for the FA map.
A voxel-wise comparison of the MK, FA, and MD values was performed between patients in the MHE and non-MHE groups. The threshold for statistical significance was p<, using threshold-free cluster enhancement (TFCE) with familywise effort (FWE) correction for multiple comparison corrections (corrected p<0.05, 5,000 permutations). We also calculated the ratio of the areas of significant changes in MK, FA, and MD to the mean FA skeleton area. To perform region-of-interest (ROI) analyses in the cerebral WM skeleton, the ROI masks drawn on the mean FA skeleton were transformed into each native space following the backprojection procedure in TBSS. The mean MK, FA, and MD values of the WM were automatically measured using the coregistered ROI.
To perform ROI analyses in the basal ganglia, the Johns Hopkins University (JHU) Eve atlas was warped to the native space of each subject using the inverse transformation matrices that were obtained by the registration of the FA and b0 maps into the corresponding maps of the JHU-Eve atlas via methods similar to those described in a previous study (11) . The mean MK, FA, and MD values of the caudate nucleus (CN), putamen (Put), globus pallidus (GP), and thalamus (TH) were then automatically measured using coregistered ROIs.
Child-Pugh score and model of end-stage liver disease (MELD)
Child-Pugh scores were calculated using data on prothrombin time international ratio (PT-INR), serum albumin levels (Alb), total bilirubin (T-Bil), and the presence of encephalopathy and ascites. Child-Pugh classifications were defined as class A (5-6), class B (7-9), and class C (10-15). The MELD score was calculated using the following formula, based on the results of a haematological examination: MELD=9.57 loge [Cre (mg/dL)] +3.78 loge [T-Bil (mg/dL)] +11.20 loge (PT-INR) +6.43.
Laboratory data
Plasma PT-INR and serum levels of Alb, alanine aminotransferase, ammonia (NH3), aspartate aminotransferase, and creatinine, as well as the platelet count and TBil, were determined by an autoanalyzer (JCA-BM2250; JEOL, Tokyo, Japan).
Statistical analyses
Statistical analyses were performed using the SPSS 17.0 software program (SPSS, Chicago, USA). Continuous variables are presented as the mean±standard deviation. Either the Mann-Whitney U test or Fisher's exact test was used for the comparison of the MK, FA, and MD values obtained by the ROI analysis as well as to compare the demographics between the patients in the MHE and non-MHE groups. The diagnostic performance for detection of MHE using DKI/ DTI was assessed using the receiver operating characteristics (ROC) method. The cut-off values of MK, FA, and MD for MHE were estimated using the area under the ROC 
Results
Characteristics of the subjects in the MHE and non-MHE groups
Of the 32 subjects evaluated, 10 were classified into the MHE group and 22 into the non-MHE group (Fig. 1) . After classification of the subjects based on the MHE diagnosis, we excluded 5 due to the detection of unexpected lesions in the brain (1 from the MHE group and 4 from the non-MHE group). We excluded another four subjects from the non-MHE group due to outliers in age-matching between the groups. After the exclusion of these subjects, we ultimately analysed 9 MHE subjects and 14 non-MHE subjects. The detailed characteristics of these 23 subjects are summarized in Table 1 .
With regard to the aetiology of liver cirrhosis, alcohol consumption, HCV, and non-alcoholic steatohepatitis were the etiological factors in 4, 3, and 2 patients in the MHE group and 7, 3, and 4 patients in the non-MHE group, respectively. When laboratory data were compared between the two groups, the NH3 level and MELD score in the MHE group showed significant differences from those in the non-MHE group (111 μg/dL vs. 53 μg/dL and 8.8 vs. 5.2, respectively).
The MK using DKI and FA using DTI were decreased in the WM in the subjects with MHE Fig. 2 shows the results of the voxel-wise group analysis using TBSS. Compared with the non-MHE patients, the MK and FA values of the WM in the patients with MHE were significantly decreased in the widespread WM, whereas the MD values were significantly increased around only the left frontal and right occipital regions. Compared with the FA and MD, MK detected the broadest area with significant changes in the patients with MHE (MK, 54.8%; FA, 34.3%; MD, 4.0%, respectively) (Fig. 2) . Regarding the ROI analysis, the MK and FA values of the WM were significantly lower and the MD values significantly higher in the MHE group (0.91, 0.43, and 0.83, respectively) than in the non-MHE group (0.95, 0.45, and 0.80, respectively) (p=0.005, 0.024, and 0.039, respectively) (Fig. 3) .
The MK using DKI and FA using DTI detected decreasing changes at the basal ganglia in the subjects with MHE Fig. 4 shows representative DKI/DTI images of the MHE and non-MHE subjects. The MK values in the Put and GP were markedly decreased in the MHE patients, while the FA values were only slightly decreased. There were no substantial differences in the MD between the groups.
Regarding the ROI analysis in the basal ganglia, the MK values of the CN, Put, GP, and TH were significantly lower in the MHE group (0.57, 0.70, 0.83, and 0.73, respectively) than in the non-MHE group (0.60, 0.77, 0.90, and 0.77, re- (Fig. 3a) . Similarly, the FA values of the CN, Put, and GP were also significantly lower in the MHE group (0.15, 0.19, and 0.29, respectively) than in the non-MHE group (0.16, 0.21, and 0.32, respectively) (p=0.012, 0.002, and 0.0001, respectively) (Fig. 3b) . In contrast, the MD values in the basal ganglia showed no marked differences between the groups (Fig. 3c) .
The MK in the putamen was useful for distinguishing patients with MHE among subjects with liver cirrhosis ROC analyses performed for the MK, FA, and MD values of the CN, Put, GP, TH, and WM revealed significant differences between the groups (Table 2) . Among the metrics, the MK values of the Put achieved an AUROC of 0.90, and the sensitivity, specificity, positive predictive value (PPV), and negative predictive values were more than 80% (0.89, 0.86, 0.80, and 0.92, respectively) between the MHE and non-MHE groups. The AUROC value of FA in the GP was the highest at 0.91, while the PPV of FA in the GP was lower than that of MK in the Put (0.69 vs. 0.80).
Discussion
In this study, we compared the DKI/DTI findings between cirrhosis patients with and without an MHE diagnosis in order to identify abnormalities in the brain microstructure that are diagnostic for MHE. The significant findings of the present study are as follows: 1) MRI-derived parameters of water component in WM and basal ganglia showed changes in relation to the development of MHE, 2) these changes were clearly detected by MK, and 3) Put on MK imaging was a diagnostic finding of MHE. According to these results, MHE can be diagnosed objectively and repeatedly by evaluating MK using MRI.
The accurate diagnosis of MHE is important because MHE is considered to precede overt HE and thus is associated with a reduction in both the quality of life and activity of daily life (24) . Since several papers have reported the effectiveness of several agents for the treatment of HE (25, 26) , MHE must be diagnosed with the appropriate timing. Diagnostic methods for MHE include specific neuropsychometric and/or neurophysiological examinations, The present study was designed to perform a comparison among patients with cirrhosis; however, previous studies that have shown the utility of the MD for the diagnosis of MHE by comparing healthy controls and subjects with MHE (7, 9, 18) . Importantly, it has been reported that the MR features of the brain microstructure in patients with cirrhosis are different from those in healthy controls (19) . However, given that the patients in both the non-MHE and MHE groups had liver cirrhosis in the present study, our findings in the MHE group could be attributed to MHE rather than liver cirrhosis. We therefore propose that these findings are useful for the diagnosis of MHE. Recently, the blood flow in the Put as evaluated by functional MRI was found to be changed in MHE patients when compared to those without MHE (27) . We considered that this result supported our findings of oedematous changes in the Put in MHE patients.
The pathophysiology of HE is hypothesised to involve swelling of the astrocytes due to an imbalance in amino acid metabolism. Indeed, we have previously shown increases in glutamine levels detected by MR spectroscopy in patients with MHE (6) . The grey matter of the brain contains the cell bodies of neurons and many kinds of glial cells (28) , which explains the observations of changes in the DTI signal in the grey matter due to the presence of oedematous cells in patients with MHE (9, 17) . However, given that previous studies compared patients with MHE and healthy controls, the findings in those studies might have been different had a comparison been performed among patients with liver cirrhosis or portal hypertension. In the present study, DKI clearly revealed changes in the signal in a broad area of the WM, indicating that the WM had been affected by MHE.
The PPVs of the MK in the Put and the FA in the GP were 0.80 and 0.69, respectively. The PPV is the probability that subjects with a positive test actually have the disease. A high PPV increases the probability that the subject has the disease. Because we focused on establishing objective and reproducible methods for diagnosing MHE, we therefore concluded that Put in MK was useful for the diagnosis of MHE in this study.
One particular limitation associated with the present study warrants mention. Owing to the cross-sectional design of the present study, the repeatability of the observations may be low. Although previous studies have reported that findings detected by MRI in subjects with MHE are reversible (7), the reversibility of the findings we noted in this study remains unclear. To further clarify the pathophysiology of MHE, larger serial-observation studies of the MRI findings of patients with MHE are warranted.
The present study revealed that brain microstructural changes in MHE can be detected by evaluating MR images. The MK value can be useful for objectively detecting subtle changes in the Put in MHE patients, and these findings are diagnostic for MHE in patients with cirrhosis.
